ABSTRACT Effective management of bark beetles (Coleoptera: Curculionidae, Scolytinae) relies on accurate assessments of pest and predator populations. Semiochemicals provide a powerful tool for attracting bark beetles and associated predators, but the extent to which trap catches reßect actual population densities are poorly understood. We conducted Þeld experiments in California during 2 consecutive yr to determine how attraction of Ips pini (Say) and its major predators to synthetic pheromones vary from each other and from attraction to natural volatiles emitted from colonized hosts. Synthetic lures consisted of different ratios of the (ϩ) and (Ð) enantiomers of ipsdienol, the primary pheromone component of I. pini, with or without lanierone, an additional component that synergizes attraction in some populations. I. pini was consistently attracted to either 3(ϩ)/97(Ϫ) ipsdienol or infested host plant material. Lanierone had no effect on the attraction of I. pini. Coleopteran predators showed a range of responses, more of which coincided with I. pini. Temnochila chlorodia (Mannerheim) (Trogositidae) was attracted to infested host materials and all synthetic lures. Enoclerus lecontei (Wolcott) (Cleridae) preferentially responded to higher ratios of (ϩ)-ipsdienol, and its attraction was strongly enhanced by lanierone. Enoclerus sphegeus F. was most attracted to infested hosts and exhibited a preference for (Ϫ)-over (ϩ)-ipsdienol. Our results suggest that preferences of bark beetles and predators for bark beetle pheromones at the regional scale should be considered before deploying semiochemicals. These results are also consistent with a model of co-evolving responses to pheromones by predators and their prey. The roles of plant volatiles should be further investigated, both to improve monitoring programs and from an ecological perspective.
Several management tactics are available for reducing the negative impacts of bark beetles, including silvicultural practices such as thinning Hodges 1985, Hindmarch and Reid 2001) , sanitationsalvage logging (Gibson 1989) , insecticide applications (Swezey et al. 1982 , Gibson and Bennett 1985 , McCullough et al. 1998 , and the use of behaviormodifying compounds (Gray and Borden 1989 , Shea et al. 1992 , Bertram and Paine 1994 , Ross and Daterman 1995 . However, accurate population monitoring is required for accurate assessment of each of these tactics.
Synthetic semiochemicals, particularly pheromones, are commonly used to monitor bark beetle populations. However, the use of synthetic chemicals is limited by a paucity of information relating catches in traps baited with synthetic lures to actual numbers of bark beetles attracted to volatiles released from trees under natural attack (Aukema et al. 2000a ). Thus, an explicit objective when developing lures for monitoring bark beetles or their predators should be the capability for estimating both relative and total population numbers. Estimates of relative abundance of predators to bark beetles could be useful in predicting whether predator populations are sufÞcient to suppress bark beetle populations (Reeve 1997) , whereas estimates of absolute densities are useful in evaluating bark beetle populations, economic thresholds, and predator functional and numerical responses.
Bark beetles exhibit temporal and geographical variation in the production of pheromones (Berisford et al. 1990 , Miller et al. 1997 . Furthermore, in some systems, bark beetles and predators differ in their attraction to various pheromone components and enantiomeric ratios (Raffa and Klepzig 1989 , Herms et al. 1991 , Raffa and Dahlsten 1995 , Aukema et al. 2000a . These differences can complicate our ability to estimate their relative abundance during monitoring, and therefore, our ability to make population-based management decisions (Aukema et al. 2000a) .
We studied the pine engraver, Ips pini (Say), and its natural enemies in northern California. I. pini is distributed throughout the pine forests of North America (Wood 1982b ). In the western United States, it typically attacks stressed trees. An abundance of breeding material such as slash generated during harvest operations can lead to large population increases and subsequent damage to live trees, including the killing of young trees, top-killing of mature trees, and group killing of large trees (Livingston 1979) .
On entering a suitable host, adult male I. pini emit a terpenoid pheromone, ipsdienol (2-methyl-6-methylene-2,7-octadien-4-ol), which attracts conspeciÞc males and females (Birch et al. 1980 , Wood 1982a . Geographically separated populations vary in their production of, and response to, different stereoisomers of ipsdienol and the synergist lanierone (2-hydroxy-4,4,6-trimethyl-2,5-cyclohexadien-1-one) (Lanier et al. 1980 , Seybold et al. 1992 , 1995 , Miller et al. 1997 . In general, western U.S. populations are highly attracted to (Ð)-ipsdienol, whereas eastern and midwestern populations are more strongly attracted to 50:50 and 75:25% blends of (ϩ)-to (Ϫ)-ipsdienol (Birch et al. 1980 , Lanier et al. 1980 , Raffa and Klepzig 1989 , Seybold et al. 1995 , Aukema et al. 2000a . Lanierone seems to be more biologically active in eastern than western populations of I. pini , Seybold et al. 1992 , Miller et al. 1997 , Aukema and Raffa 2000 .
The phenologies of predator populations are often synchronous with those of their primary hosts (Schroeder 1996 , Reeve 1997 , Turchin et al. 1999 . Adult predators of I. pini, such as clerid beetles (Coleoptera: Cleridae), exploit bark beetle pheromones as kairomones for prey location (Wood 1982a , Mizell et al. 1984 , Gré goire et al. 1992 . The resultant high levels of adult and brood mortality (Mills 1985 , Weslien and Regnander 1992 , Weslien 1994 , Reeve 1997 , Turchin et al. 1999 ) may ultimately reduce the number of trees that are successfully colonized (Reeve 1997) .
In a previous experiment, Raffa and Dahlsten (1995) conducted reciprocal exchanges of local I. pini populations between California and Wisconsin. The predominant predator in California, Enoclerus lecontei (Wolcott) (Cleridae), was primarily attracted to Wisconsin I. pini, whereas the predominant predator in Wisconsin was most attracted to California I. pini. In contrast, I. pini in California and Wisconsin were most attracted to local conspeciÞcs. This disparity in response to pheromones has been hypothesized to reßect locally driven semiochemical adaptations and counter-adaptations among the bark beetle and its predators (Raffa and Dahlsten 1995, Aukema et al. 2000a, b) .
We conducted parallel studies in California and Wisconsin to determine which synthetic lures attract predators and bark beetles at rates that most accurately emulate actual arrival rates to natural pheromone sources. The results of the Wisconsin I. pini study are presented in Aukema et al. (2000a) . In the current study, we evaluated responses of I. pini and its most common predators to synthetic lures and natural attractants in California. We also compared our results with those from Wisconsin to better understand how regional responses to pheromones by bark beetles and their natural enemies can be used to improve the efÞcacy of monitoring programs. Nine treatments were evaluated in a behavioral choice assay: three enantiomeric ratios (ϩ)/(-) of ipsdienol (75:25, 50:50, 3:97) , with or without lanierone, a screened log infested with I. pini, a screened uninfested log, and an unbaited control. Synthetic lures were obtained from Phero Tech (Delta, British Columbia, Canada), and the release rates were 110 and 10 g/d for ipsdienol and lanierone, respectively, at 25ЊC.
Materials and Methods

Experimental
Ips pini males were reared from Þeld-collected slash placed in rearing cans (Raffa and Dahlsten 1995) . To initiate infestation of treatment bolts, 20 holes, 0.5 cm diameter each, were drilled into the phloem of freshly cut P. jeffreyi logs, and one male was inserted into each hole. The logs (15 cm diameter and 30 cm long) were covered with metal window screen and taken to the Þeld 24 h later.
Twelve-unit multiple-funnel traps (Lindgren 1983 ) were deployed 10 m apart in three lines of nine traps each, with 100 m between lines. Traps were suspended from 2 m high metal stands. For traps receiving synthetic semiochemicals, synthetic, polyvinyl, bubblecap lures were attached to the middle funnel of the traps. For those receiving logs, the logs were Þxed to the top of the metal stands just above the traps. Each trap within a line was randomly assigned to one of the nine treatments. Traps were sampled and re-random-ized every 4 d for 24 d. A 3 by 3-cm time-released insecticidal strip (Pest Strip; Loveland Industries, Greeley, CO) was placed in each collection cup to prevent destruction of I. pini by predators. Captured insects were stored in ethanol before identiÞcation. Voucher specimens are held at the Essig Museum of Entomology, University of California, Berkeley.
The experiment consisted of four trials conducted over 2 yr. Two trials were timed each year to sample the characteristic early-midsummer and late-summer ßights of I. pini in northern California. Three ipsdienol-baited monitoring traps were deployed at the beginning of May to estimate the onset of I. piniÕs ßight activity. In 1997, the Þrst trial was conducted from 13 June to 7 July, and the second trial was conducted 15 July to 8 August. In 1998, the Þrst trial, was conducted 18 JulyÐ11 August, and the second trial was conducted 1 SeptemberÐ25 September.
Statistical Analyses. We calculated sums and means by trap for each 4-d interval, by species, over all treatments for each trial. Other than I. pini and one associated group (Lathridiidae), all mean values were Ͻ1 per trap, with many species having zero counts in many intervals. Therefore, we combined data over all 4-d intervals within each treatment and line of each trial. Data from all variables were transformed to increase homogeneity of variances.
We analyzed each species that totaled Ͼ50 specimens using analysis of variance (ANOVA; GLM procedure, Systat; SPSS 2000) mixed effects model, with line as a random effect and Þxed factors for trial and treatment. A signiÞcant interaction occurred between trial and treatment for I. pini (F 24,73 ϭ 1.752; P ϭ 0.036), one of its major predators, E. lecontei (F 24,73 ϭ 2.269; P ϭ 0.004), and a bark beetle associate, Pityogenes carinulatus (LeConte) (F 24,73 ϭ 2.256; P ϭ 0.004), indicating that response to treatments varied signiÞcantly by trial. Therefore, ANOVA was performed on each trial individually, using line as a random effect, treatment, and error (treatmentÐline interaction) terms in the model. We selected species for this analysis if they totaled 10 or more specimens for each trial. For each analysis, we checked for homogeneity of variances with LeveneÕs test of absolute values of residuals (Systat; SPSS 2000). If a variable passed this test, and treatment F 8,16 was Ͼ2.56 (P Ͻ 0.05), we used TukeyÕs honestly signiÞcant difference (HSD) at P ϭ 0.05 to test for differences among means. For variables that failed LeveneÕs test, we used separate variance F tests (P ϭ 0.05) to test for differences among means. We calculated means and SEs of untransformed variables for those species that had signiÞcant differences between any treatments for any trial.
Results
A total of 5,027 insects from 30 insect species or groups associated with pine were caught over 2 yr (Table 1) . I. pini represented 47.3% of total trap catches. For each experiment, we calculated sex ratios for I. pini for each treatment where numbers of I. pini captured were Ͼ15. Sex ratios averaged 1.8 females per male (F 2,4 ϭ 0.887) for collection 1 of 1997, 1.1 (F 2,4 ϭ 0.263) for collection 2 of 1997, and 1.4 (F 2,4 ϭ 2.72) for collection 1 of 1998. The ratios were not signiÞcantly different (P Ͻ 0.05) by treatment in each collection, except for the second collection in 1998 (F 2,4 ϭ 73.5, P Ͻ 0.001). For the second collection in 1998, the sex ratio for traps baited with infested logs (1.94 Ϯ 0.18, N ϭ 3) was signiÞcantly higher than for traps baited with 3(ϩ)/97(Ϫ) ipsdienol with lanierone (1.58 Ϯ 0.27, N ϭ 3), which in turn, was significantly higher than for traps baited with 3(ϩ)/97(Ϫ) ipsdienol (0.91 Ϯ 0.17, N ϭ 3). Given this overall pattern, we pooled female and male I. pini for subsequent analyses. The known predators of I. pini, Temnochila chlorodia (Mannerheim) (Coleoptera: Trog- ositidae), E. lecontei, and Enoclerus sphegeus F., were among the most common insects caught, along with the colydiid Lasconotus sp., staphylinids, anthocorids, and the histerid Platysoma punctigerum (LeConte). Lathrididae were also frequently collected.
Ips pini was the only insect that showed signiÞcant treatment effects in all four trials ( Table 2 ). The predator E. lecontei showed treatment effects for all trials except the second collection of 1998, when too few insects were caught for analysis. Overall, very few individuals of most predator species were caught in the late-season 1998 trial. T. chlorodia showed significant differences among treatments for the Þrst 1998 trial only. However, its abundance was quite low in the other trials. E. sphegeus responses varied signiÞcantly among treatments in both 1997 trials. Staphylinids and anthocorids occurred mostly in early 1997, but treatment effects were not statistically signiÞcant. Lasconotus sp. exhibited signiÞcant treatment effects in both 1998 trials, when this predator was abundant. InsufÞ-cient Lasconotus sp. were present for analysis in 1997. P. carinulatus, an associated herbivore, exhibited signiÞcant variation among treatments in both 1997 trials. Too few were present for analysis in 1998. Lathridiids were caught in large numbers for the Þrst three trials, but treatment effects were never signiÞcant.
More I. pini were caught in traps baited with infested logs and with synthetic 3(ϩ)/97(Ϫ) ipsdienol, with or without lanierone, than for the other three treatments for all trials (Fig. 1) . In the Þrst collections of 1997 and 1998, attraction of I. pini to infested logs, 3(ϩ)/97(Ϫ) ipsdienol, with and without lanierone were not signiÞcantly different from each other. In the second collection of 1997, the infested log was more attractive than the two 3(ϩ)/97(Ϫ) ipsdienol treatments, whereas for the second collection of 1998, 3(ϩ)/97(Ϫ) ipsdienol was signiÞcantly more attractive than 3(ϩ)/97(Ϫ) ipsdienol with lanierone.
Of the three principal predators, T. chlorodia was the most abundant, with most captures occurring during the Þrst 1998 trial (Table 1) . During this trial, the 3(ϩ)/97(Ϫ) ipsdienol, with or without lanierone, was signiÞcantly more attractive to this predator than the uninfested log and control (Fig. 2) . In the other three trials, captures were low, and responses to treatments were not signiÞcant.
Enoclerus lecontei was the most common predator in late 1997. During this period of high abundance, E. lecontei was signiÞcantly more attracted to 50(ϩ)/ 50(Ϫ) and 75(ϩ)/25(Ϫ), both with lanierone, than all other baited treatments and the control (Fig. 2) . In early 1998, E. lecontei counts were low, but the 50(ϩ)/ 50(Ϫ) ipsdienol with lanierone and 75(ϩ)/25(Ϫ) ipsdienol with lanierone again captured signiÞcantly more of these clerids than all other treatments. In early 1997, E. lecontei counts were very low, and there were no signiÞcant differences among treatments. Only one E. lecontei was caught in late 1998.
The predator E. sphegeus was caught in relatively low numbers throughout this study (Table 1 ). The Table 2 . Effects of natural attractants and synthetic lures on responses of I. pini and six most common insect associates in Northern California (F tests on square root converted values, with P, probability of F not significant) largest catch was in early 1997, at which time this predator was primarily attracted to the infested logs. The traps baited with 3(ϩ)/97(Ϫ) ipsdienol without lanierone also attracted signiÞcantly more E. sphegeus than the uninfested logs or unbaited controls (Fig. 2) .
The predator P. punctigerum was moderately abundant only in early 1998, when it was signiÞcantly more attracted to 50(ϩ)/50(Ϫ) ipsdienol with or without lanierone and 3(ϩ)/97(Ϫ) ipsdienol without lanierone than to the unbaited control (Fig. 2) . Neither of these treatments differed signiÞcantly from the uninfested logs or other synthetic lures. Another predator, Lasconotus sp. (or Lasconotus spp. because of uncertain identiÞcation), was caught in relatively high numbers in 1998. In the early 1998 trial, 53% of 232 Lasconotus were in traps baited with 97(Ϫ)/3(ϩ) ipsdienol without lanierone. However, 42% of the total were caught in a single trap during a single interval. Thus, variability among traps for this insect was very high, and this effect was not signiÞcant. In late 1998, Lasconotus sp. was equally abundant but had a more protracted ßight, and showed a signiÞcant attraction to 3(ϩ)/97(Ð) ipsdienol without lanierone compared with the uninfested logs or unbaited control treatments.
Pityogenes carinulatus, an associated scolytid, was caught in relatively high numbers in early 1997. It was most attracted to the synthetic attractants containing ipsdienol alone, particularly 75(ϩ)/25(Ϫ) ipsdienol without lanierone.
Discussion
Disparities between the attraction of I. pini and its predators to various enantiomeric ratios of ipsdienol, the presence or absence of lanierone, and the relative response to natural attractants versus synthetic pheromones have important implications to the population . lecontei, E. sphegeus, T. chlorodia, P. punctigerum, and Lasconotus spp. dynamics, predatorÐprey interactions, and pest management of bark beetles (Raffa and Klepzig 1989 , Raffa 1991 , Raffa and Dahlsten 1995 , Miller et al. 1997 , Aukema et al. 2000a . In particular, selection of the most appropriate lure for monitoring programs should consider locally adapted predatorÐprey interactions. In California (Ϫ)-ipsdienol is sufÞcient for attracting I. pini (Seybold et al. 1992 , Miller et al. 1997 ), but 75(ϩ)/25(Ϫ) ipsdienol or 50(ϩ)/50(Ϫ) ipsdienol with lanierone is needed to adequately monitor some predators ( Figs. 1 and 2) . Figure 3 shows the ratios of pest (I. pini) to beneÞcial (major predators pooled) insects obtained in colonized host material, as well as in traps baited with various lures. The pest to predator ratio averaged 210:1. The pest to predator ratio varied dramatically among the synthetic treatments. For example 3(ϩ)/ 97(Ϫ) ipsdienol without lanierone yielded a similar result (241), but 3(ϩ)/97(Ϫ) ipsdienol with lanierone provided a poor estimate of pest:predator ratios (115). Likewise, racemic ipsdienol provided very poor estimates of the actual pest to predator ratio (210), being only eight and nine in the presence and absence of lanierone, respectively. A similar range of estimates by various synthetic lures of I. pini to predator ratios actually colonizing hosts was observed by Aukema et al. (2000a) in Wisconsin. In Wisconsin, racemic ipsdienol without lanierone gave the best approximation. Overall, the guild of predator species, as well as some individual predator species, responded to a broader range of volatiles than did I. pini. Moreover, their responses varied within and between years. Results from this study are consistent with Seybold et al. (1995) that T. chlorodia has a broad kairomonal range and responds both to ipsdienol and exo-brevicomin, which are produced by at least 21 species of North American Ips and Dendroctonus (Byers 1982 , Zhou et al. 2001 . The results of this study differ from earlier reports describing a slightly increased attraction of I. pini in California to 99.3% (Ϫ)-ipsdienol by lanierone (Seybold et al. 1992) .
These results are consistent with the hypothesis that components of bark beetle pheromones evolve in part as a response to selection pressure by predators that exploit these cues (Raffa and Klepzig 1989 , Raffa and Dahlsten 1995 , Aukema et al. 2000a . In a reciprocal exchange experiment (Raffa and Dahlsten 1995) , both the Californian predator E. lecontei and the Wisconsin predator Platysoma cylindrica (Paykull) were attracted to local sources of I. pini. However, both predators were more attracted to I. pini from the distant than local sources. In this study, E. lecontei responded mostly to blends simulating those produced by eastern and midwestern populations of I. pini (Miller et al. 1997) . That is, E. lecontei preferred more (ϩ) forms of ipsdienol and were strongly synergized by lanierone, whereas I. pini preferred more (Ϫ) forms of ipsdienol and were not synergized by lanierone (Fig. 4) . Thus, the pattern of local disparities between I. pini and predator responses to stereoisomers of ipsdienol and synergists occurs in both California and Wisconsin. The speciÞc signals to which each responds differ between these regions, including in response to competitors (Birch et al. 1980) , and presumably within regions through ecological time.
We currently have a limited understanding of how host plant compounds affect these patterns. Volatiles such as terpenes can strongly affect the responses of bark beetles and their predators to bark beetle pheromones (Wood 1982a) . For example, beta-phellandrene, alpha-pinene, and other monoterpenes present in the subcortical and foliar tissues of pines can strongly affect attraction of I. pini and its predators to pheromones in British Columbia and Wisconsin, respectively Borden 1990, Erbilgin and . Moreover, the stereochemistry of host plant terpenes can differentially inßuence the responses of predators to pheromones of multiple prey species (Erbilgin and Raffa 2001) . Future work should be aimed at further elucidating this component of these complex interactions.
